Insight into the spatial variation of an ecosystem can provide better understanding of ecological processes and patterns in different scales. Detecting these multiple scales of spatial variation in grassland landscapes is valuable for determining management options, designing proper sampling regimes, and selecting suitable resolutions of remote sensing products. The objective of this study is to examine how environmental factors affect spatial variation of biophysical properties in mixed grassland ecosystems. Field leaf area index (LAI), soil moisture, and topographical parameters (relative elevation, upslope length, and a wetness index) were obtained in three parallel transects of a grassland ecosystem in Saskatchewan, Canada in 2004. One 20-m resolution SPOT 4 (HRVIR) image was acquired at the same period of the growing season but in the following year. Normalized difference vegetation index (NDVI) was calculated from the satellite image of the centre 381-m transect and two extensive 2560-m perpendicular transects. A wavelet approach was used to identify the scales of variations. Statistical results showed that LAI is significantly correlated to the wetness index (r 2 50.37) and soil moisture (r 2 50.43). The wetness index is better than relative elevation and upslope length in demonstrating the effect of topography on grassland vegetation. The variation of soil moisture is significant at two small scales of about 20 m and 40 m, and that of the wetness index is at the large scale of 120 m. The variation of grassland LAI is significant at three scales (20 m, 40 m, and 120 m), which indicates that the spatial variation of LAI might be controlled by both topography and soil moisture, though the 120 m is the dominant scale of variation in LAI. NDVI significantly correlated with grassland LAI along the centre transect. The effect of topography on grassland LAI is also proven by the significant relationships between NDVI and the wetness index. The wavelet analysis identifies the variation of two extensive transects at the scale of about 120 m, which is similar to the dominant variation scale of grassland LAI. These results confirmed that the effect of topography on spatial variation can be identified from the appropriate satellite image. This study suggests that the spatial scales of soil and topographic data aid in the selection of appropriate satellite image resolution for monitoring and managing ecosystems.
Insight into the spatial variation of an ecosystem can provide better understanding of ecological processes and patterns in different scales. Detecting these multiple scales of spatial variation in grassland landscapes is valuable for determining management options, designing proper sampling regimes, and selecting suitable resolutions of remote sensing products. The objective of this study is to examine how environmental factors affect spatial variation of biophysical properties in mixed grassland ecosystems. Field leaf area index (LAI), soil moisture, and topographical parameters (relative elevation, upslope length, and a wetness index) were obtained in three parallel transects of a grassland ecosystem in Saskatchewan, Canada in 2004. One 20-m resolution SPOT 4 (HRVIR) image was acquired at the same period of the growing season but in the following year. Normalized difference vegetation index (NDVI) was calculated from the satellite image of the centre 381-m transect and two extensive 2560-m perpendicular transects. A wavelet approach was used to identify the scales of variations. Statistical results showed that LAI is significantly correlated to the wetness index (r 2 50.37) and soil moisture (r 2 50.43). The wetness index is better than relative elevation and upslope length in demonstrating the effect of topography on grassland vegetation. The variation of soil moisture is significant at two small scales of about 20 m and 40 m, and that of the wetness index is at the large scale of 120 m. The variation of grassland LAI is significant at three scales (20 m, 40 m, and 120 m), which indicates that the spatial variation of LAI might be controlled by both topography and soil moisture, though the 120 m is the dominant scale of variation in LAI. NDVI significantly correlated with grassland LAI along the centre transect. The effect of topography on grassland LAI is also proven by the significant relationships between NDVI and the wetness index. The wavelet analysis identifies the variation of two extensive transects at the scale of about 120 m, which is similar to the dominant variation scale of grassland LAI. These results confirmed that the effect of topography on spatial variation can be identified from the appropriate satellite image. This study suggests that the spatial scales of soil and topographic data aid in the selection of appropriate satellite image resolution for monitoring and managing ecosystems. diversity varying across multiple scales (Ludwig and Tongway 1995) . Insight into the spatial variation of grassland can provide better understanding of ecological processes and patterns in different scales. Detecting these multiple scales of spatial variation in grassland landscapes is valuable for determining management options, designing proper sampling regimes for monitoring ecosystem heterogeneity and biodiversity, and selecting suitable resolutions when remote sensing products are applied.
A number of recent studies have effectively demonstrated that the spatial pattern of grassland ecosystems is apparently scale dependent (Nellis and Briggs 1989) . Large-scale patterns can be determined by variation in topography or climate condition. Lobo et al. (1998) and Sebastian (2004) ; determined spatial structure of grassland by topography; Dennis et al. (2002) identified the spatial distribution of upland beetles in relation to landform; and Reed et al. (1993) found that the state of an environmental variable (e.g. soil nutrient elements) affected plant community composition. Small-scale heterogeneity may result from a combination of biotic and abiotic factors. The variation of vegetation at small scale is affected by soil heterogeneity (Reynolds et al. 1997 ), but it is also influenced by biotic factors such as grazing animals (Mitchley 1994) , unpalatable and spiny plants (Callaway et al. 2000) , shrubs and trees (Sö derströ m et al. 2001), ant mounds (Blomqvist et al. 2000) , and dung and urine patches (Shiyomi et al. 1998 ).
Researchers currently have adopted different data collection methods to determine either large-or small-scale spatial variations of grasslands. Fine resolution data that can be obtained from field measurements are commonly used for small-scale spatial pattern analysis. Considering that field measurements are rarely obtained to a broad extent, related variables derived from satellite imagery covering a broad extent become a valuable source of data in characterizing spatial dependence in ecological systems (Lobo et al. 1998) . Recently, numerous studies have used remote sensing imagery for estimating vegetation variability across space (Marceau and Hay 1999) . In grassland ecosystems, Griffiths et al. (2000) measured grassland species diversity based on 30 m Landsat thematic mapper (TM) imagery; Lobo et al. (1998) analysed the spatial pattern of grassland landscape variables using fine resolution maps; Schmidtlein and Sassin (2004) modelled floristic gradients of meadows based on 2-m resolution hyperspectral airborne imagery; and Ji and Peters (2003) determined the response of grassland vegetation to moisture availability through 1-km resolution advanced very high resolution radiometer (AVHRR) data. All these studies demonstrated that remote sensing data with diverse resolutions are efficient in detecting the spatial variation of grassland ecosystems.
However, what has been largely missing is a general comparison between spatial patterns obtained from field measurements and those gained via remote sensing data. Few studies have examined both large-and small-scale spatial variation within mixed grassland ecosystems in North America. This shortfall in previous studies may be a result of a lack of appropriate data with fine resolution across a broad area (Brosofske et al. 1999) . Without investigating the spatial scales of research objects based on field measurements, scientists may be constrained by the predetermined spatial resolution (i.e. the pixel size) when using satellite-based, remotely sensed data (Rahman et al. 2003) . To choose satellite imagery with an appropriate resolution, studies have suggested that different pixel sizes should be adopted for different grassland ecosystems (Gamon et al. 1993 , Rahman et al. 2003 . Therefore, this study will combine the fine resolution ground measurements with a wide-extent satellite image to determine the spatial pattern and appropriate resolution for mixed grass prairie.
Approaches that quantify the spatial characteristics of biotic or abiotic variables have been developed recently. These methods include geostatisics (Miller et al. 1988) , lacunarity (Plotnick et al. 1993) , spectral analysis (Turner et al. 1991) , state-space methods (Wendroth et al. 1992) , and G statistic (Dennis et al. 2002) . These methods, however, could not evaluate features that existed over a series of multiple scales (Si and Farrell 2004) . Because grassland ecosystems generally have trends in spatial domain (i.e. non-stationary spatial series), and these trends may indicate important soil, topographic, and ecological processes that affect grassland production, a different method has to be adopted to analyse the data from grassland ecosystems. Wavelet approach has been proposed to detect various features of non-stationary data due to its three abilities that may be overlooked by other methods: (1) aggregating patterns along transects at different scales (Mehlum et al. 1999) ; (2) analysing nonstationary or non-sinusoidal multi-frequency data (Bradshaw and Spies 1992 , Bradshaw and McIntosh 1994 , Saunders et al. 2005 ; and (3) providing diverse wavelet functions to examine the different types of data and hypothesized patterns.
The applications of wavelet analysis on vegetation ecology have grown considerably over the past two decades. For example, this technique has been used to explore multi-scale patterns in ecological data (Saunders et al. 2002) , microclimate along transects (Redding et al. 2003) , soil variability (Lark and Webster 1999) , plant productivity (Csillag and Kabos 2002) , crop biomass production and topographical parameters (Si and Farrell 2004) , and ground cover (Dale and Mah 1998) . However, few studies have applied the wavelet approach in the analysis of mixed grassland biophysical data and environmental information (Mi et al. 2005) .
Therefore, the overall objectives of this study are to (1) examine how much of the variation in LAI is accounted for by soil moisture and topographic parameters (relative elevation, upslope length, and wetness index), (2) examine if the significant scale of variations in LAI can be identified from topographic indices and soil moisture, and (3) examine the relationship between satellitederived data and topographical indices and test the spatial variation of two extensive transects. Since geographic data generally exhibit certain nonstationary features (large-scale trend and localized features), we chose wavelet analysis as a tool for identifying the dominant scales of variations.
Materials and methods

Field study sites
The study was conducted in the Grasslands National Park (GNP), Saskatchewan, Canada (49u159 N, 107u099 W). GNP was established in 1984 to preserve a representative portion of the Canadian mixed grass prairie ecosystem. This area is characterized as having a semi-arid climate, with an annual precipitation of approximately 340 mm, mainly accumulating as rainfall in the growing season (May-September). The mean annual temperature in this region is 3.4uC. The growing season is relatively short (170 days on average) and is often further shortened by the lack of moisture . GNP consists of upland, slopeland, and valley grasslands. Considering that upland grasslands dominate the mixed grassland ecosystem in North America, we located our sampling site in an upland native grassland (figure 1). We chose this site because it was situated along a typical rolling terrain with a soil moisture gradient. The dominant soil type is a nutrient poor, shallow, clay-loam brown soil, but a wide variety of soil types (chernozems, solonetzes, regosols, and gleysols) are present . The dominant grass species included needle-and-thread grass (Stipa comata Trin. & Rupr.), blue grama grass (Bouteloua gracilis (HBK) Lang. ex Steud.), june grass (Koeleria macrantha (Ledeb) J.A. Schultes f.), and western wheatgrass (Agropyron smithii Rydb.).
Field data
Field data collection was performed in the summer of 2004 along three 381-m parallel transects (south, centre, and north), separated by a lateral distance of 20 m between transects. The LAI, soil, and topographic samples were taken from quadrats located at 3-m intervals along the centre transect (128 locations), and from quadrats located at 6-m intervals along the other two transects (64 locations per transect). The size of the quadrat is 50650 cm 2 . In all, a total of 256 points were measured within an area of 1.905 ha (i.e. 381 by 50 m).
LAI, soil moisture, relative elevation, slope, and distance were recorded at each quadrat. LAI (the projected area of all vegetation parts normalized by the subtending ground area) was measured using a LiCor LAI-2000 Plant Canopy Analyzer (LI-COR Inc., Lincoln, Nebraska, USA). The LAI-2000 was shaded when measurements were being taken to reduce the effect of glazing from direct sunshine. At each plot, LAI is the average of four automatically calculated LAI values; each was the comparison result of one above-canopy reading, followed by 10 belowcanopy readings within two minutes to avoid atmospheric variation. Soil moisture was measured using an Aquaterr Soil Moisture and Temperature Probe (Forestry Suppliers, Inc., Jackson, USA). A laser theodolite (ATT Metrology Services, Inc., California, USA) was used to measure relative elevation, angle, and distance. These topographic measurements allow for precise calculation of slope percentage and upslope length at any point along the transects.
Three topographical parameters-relative elevation, upslope length, and wetness index (WI)-were calculated and used in this paper. Relative elevation was defined as the distance a point sits above or below the average elevation of the study area. Upslope length was calculated as the distance from the measurement point in the landscape to the highest relative elevation point along the local slope (Si and Farrell 2004) . The wetness index developed by Beven and Kirkby (1979) was calculated using the following equation:
where c is the upslope length and tan b is the local terrain slope of the landscape elements. We chose upslope length as a topographic index because upslope length is conceptually appealing for a semi-arid zone where snowmelt runoff and snow redistribution are the water redistribution processes (Si and Farrell 2004) . We selected the wetness index because it is physically based and widely accepted.
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The Charlesworth Group, Wakefield +44 ( . Field sites at the Grassland National Park. The top image is a SPOT4 scene (20-m resolution) in a false colour composite (RGB: NIR, red, and green bands). Therefore, the red colour in this image indicates high vegetation cover. The yellow box within the image is the park holding boundary. The yellow cross sign in the image is the centre of the study location, which is located at typical upland grassland with the representative rolling terrain and moisture gradient. The graph in the middle illustrates all transects used in our study. Topographical parameters were collected from the three parallel transects (north, centre, and south), and the LAI measurements from the centre transect. The broadband NDVI were derived from the SPOT satellite image of transect 1 and transect 2. The bottom photo was taken from the study area. The SPOT image was processed for geometric and radiometric corrections in PCI Geomatica V.9.1 software. First, geometric correction was done with 34 GCPs (ground control points) and resulted in an accuracy of better than 0.3 pixel root mean square error (RMSE), representing approximately 6 m or less error on the earth's surface. The road shape file provided from the GNP's GIS database further confirmed the geometric correction accuracy because easily identifiable objects, such as road intersections from the shape file corresponded well with those in the image. Distortions caused by variations in topography were corrected using a digital elevation model (DEM), which was also obtained from the GNP's GIS database. Because this study involved analysis of biophysical parameters derived from the image, it was necessary to perform atmospheric and radiometric correction to convert digital numbers to radiance and, in turn, radiance to reflectance values. This atmospheric correction was done using the ATCOR 2 module within PCI Geomatica V.9.1 software. The algorithms used in this module were developed by DLR, German Aerospace Research Establishment, based on information from the references (Ahern et al. 1977 , Richter 1990 , < Lanzl and Richter 1991). The ATCOR 2 was run on parameters found within the image's metadata.
After preprocessing the image, the broadband NDVI (Rouse et al. 1974 ) was derived from the NIR and red bands for estimating grassland biophysical properties in this study, as below:
= NDVI was selected because it is known to highlight biophysical factors such as chlorophyll content and LAI (Deering et al. 1975 , Huete et al. 2002 . The NDVI values were extracted along the centre transects, which were geo-referenced in the field by taking GPS readings. Because the resolution of the image is 20 m, we can only extract data from 20 pixels for the centre 381-m transect. In order to match the ground sampling with the resolution of remote sensing data, LAI and ground topographic data were smoothed with a 20-m moving window. Furthermore, in the interest of examining whether or not image data capture the same scale information as ground truth data, we also extracted the NDVI from two extensive 2560-m perpendicular transects (transect 1 and transect 2), which were located near the three afore-mentioned transects (figure 1).
Statistical analysis
A widely used empirical approach for modelling the relationship between two variables is regression analysis (Cohen et al. 2003) . We applied regression models to evaluate the linear relationships among LAI, environmental factors (relative elevation, upslope length, wetness index, soil moisture), and NDVI from the centre transect at the 95% significance level. Although LAI and NDVI were from different years, the NDVI should be correlated with LAI because LAI variation depends, to a large extent, on the relatively time-invariant topography. RMSE, equation (3), has been calculated to evaluate the regression model's accuracy.
Wavelet approach
Since choice of wavelet function is crucial for spatial analysis, four commonly-used types of wavelet families (Haar, Daubechies Least Asymmetric, Mexican Hat, and Morlet) were tested to determine the best spatial analyser for this study. The Morlet wavelet mother function (equation (3): with dimensionless frequency, W 0 56) was finally chosen, since it gives more satisfying results for scale analysis and provides a balance between time and frequency localization (Grinsted et al. 2004) . Continuous wavelet transformation (Bradshaw and Spies 1992) was used to examine the spatial variability of the ground measurements (wetness index, soil moisture, and LAI) along the centre transect and of satellite data (NDVI) along two extensive transects.
As suggested by Si (2003) , we first utilized exploratory analysis of the local wavelet spectrum to identify whether any patterns exist in the data. The local wavelet spectrum was used also to determine whether these patterns are repeated across the transect (a global event) or are restricted to only one, or few, localized regions across the transect (localized events). The periodicity of the repeated pattern is referred to as the 'scale of variation'. If the pattern is global in scale, the wavelet variance is then analysed to determine its statistical significance. The Morlet wavelet mother function is scaled by a parameter of a and translated by a parameter of b to give:
The a parameter can be interpreted as a dilation (a.1) or contraction (a,1) factor of the wavelet function, corresponding to different scales of observation. The parameter, b, can be interpreted as a temporal or spatial translation or shift of the wavelet function (Si and Farrell 2004) . The continuous Morlet wavelet transform of a real signal f(x), where x is a real variable (Brunsell and Gillies 2003) , is defined as:
where W is the wavelet coefficients (i.e. local wavelet spectrum) and the overbar designates the complex conjugate. The coefficient 1= ffiffi ffi a p is included to normalize the energy of the wavelets (Bruce et al. 2001) . We used the Wavelet Toolbox in MATLAB (MathWorks, Inc.) for calculating the wavelet transform over a continuous range of dilation scales of both field measurements and NDVI. Prior to the wavelet transform calculation, LAI, soil, topography, and NDVI variables were standardized by subtracting their mean from the measurements and dividing the difference by their standard deviation to facilitate comparison between local wavelet spectra. In order to interpret the local wavelet spectrum, the wavelet (scale) variance (Dale and Mah 1998, Saunders et al. 2005) :
is calculated as an average of the wavelet energy to examine overall 'global' structure (i.e. scales of pattern) within the data (Bradshaw and Spies 1992) . In equation (6), n is the number of data points in the spatial series. Large wavelet variance at a scale indicates that the variation at this scale is important for describing the spatial pattern along the transect. The significance test for the wavelet (scale) variance was performed against a red noise data series. A simple model for the red noise is the univariate lag-1 autoregressive progress (Torrence and Compo 1998) :where a is the assumed lag-1 autocorrelation. The discrete Fourier power spectrum of a red noise with unit variance is (Torrance and Compo 1998):
where N is the number of locations, K50,1,…, N/2 is the frequency index, and r is the first order autocorrelation coefficient (Shumway and Stoffer 2000) . Thus, by choosing an appropriate lag-1 autocorrelation, one can use equation (8) to model a red noise spectrum. In this paper, if the actual global wavelet spectrum is significantly greater than the red noise spectrum at a confidence level of 95%, then it can be assumed to be a true feature or significant different from that of red noise with this confidence. LAI curve along the transect shows a coarse trend that is similar to that of the topographical indices, as well as finer fluctuations that resemble the variations seen in soil moisture. In addition, LAI, upslope length, and wetness index increase sharply near the three large depressions. Clearly, spatial variations in LAI, soil moisture, and topography indices are non-stationary, exhibiting localized features and trends along the transect (figure 2). Statistical analysis indicates that LAI is significantly correlated with both soil moisture and topographic parameters (i.e. relative elevation, upslope length, wetness index) (table 1). The strongest correlation is found between LAI and soil moisture (r 2 50.43, p,0.001). Among the three topographic indices, the wetness index has the strongest correlation with LAI (r 2 50.37, p,0.001). The values of RMSE show similar results as r 2 (table 1) . NDVI is significantly correlated with LAI (r 2 50.52, figure 3(a) ), and topographic parameters (i.e. relative elevation, upslope length, and wetness index, figure 3 Over 140 m, the local spectra are relatively weak again. 'Global' feature analysis (figure 4 C2) reveals that the spatial variability of the wetness index is significantly different from that of the red noise spectrum at the 120 m scale, which is similar to the dominant spatial pattern found in the LAI analysis.
Wavelet analyses of satellite data (NDVI) for the two extensive transects
The local spectrum of the NDVI in transect 1 (figure 5 A1) exhibits two scales at 0-120 m, and over 120 m. For the 0-120 m scale, regions of high local spectra are mainly shown at the middle of the transect, which may correspond to the knolls and depressions occurring along the transect. At scales greater than 120 m, the local wavelet power spectrum is getting stronger. The 'global' feature analysis shows the spatial variability associated with the broadband NDVI along transect 1 is significantly different at the scales of about 50 m and 120 m from that of the red noise spectrum (figure 4 A2).
The local spectrum of the NDVI in transect 2 (figure 5 A2) exhibits different local patterns from those observed in transect 1 (figure 5 A1). The major difference is that the local spectrum of the NDVI along transect 2 is much stronger than that along transect 1, especially at scales larger than 120 m. The 'global' feature analysis (figure 5 B2) reveals that spatial variability of the NDVI in transect 2 is significantly different from that of the red noise spectrum around the scales of 40 m, 120 m, and 180 m. The 40 m and 120 m scales coincide with the spatial variability of the NDVI in transect 1. However, both 'global' features along the two transects did not show spatial variation at the 20 m scale, which was identified by the ground measurements.
Conclusions and discussions
This study reveals the correlation between LAI and soil moisture, also LAI and topographic parameters (relative elevation, upslope length, and wetness index). The strongest correlation is found between LAI and soil moisture. This is expected because soil water affects the rates of evapotranspiration, photosynthesis, and net carbon assimilation. When water is a limiting factor in semi-arid grasslands, the soil moisture is the most important variable controlling vegetation patterns (Flanagan and Johnson 2005) . Soil moisture also affects decomposition and mineralization rates (Rodriguez-Iturbe et al. 1999 ) and the uptake rate of nitrogen and phosphorus in semi-arid environments, which in turn determine the heterogeneity and diversity of grassland vegetation (Loiseau et al. 2005) .
LAI strongly correlates to topographic parameters, which indicates that grassland production depends, to a large extent, on topography. This is also consistent with the conclusion drawn by Green and Erskine (2004) that topography explained 38 to 48% of the spatial variance in crop yield. As we know, the growth of vegetation is usually influenced by three key factors: soil water content ( (Sellers et al. 1997) , and soil organic community (Sebastiá 2004 ). Soil water content, which is sensitive to soil type and topography, depends largely on the amount of precipitation accumulation, redistribution, and runoff (Sellers et al. 1997) . Topographic variation also has an effect on the absorption and reflectance or emission of radiation by the surface, which directly affects photosynthesis of plants. Topography affects soil organic content distribution as well, which is the main environmental gradient affecting grassland vegetation at the landscape scale (Swanson et al. 1988 ). In conclusion, topography affects soil water content, solar radiation, and soil organic content in mixed grassland, and contributes to the variation of LAI.
The wetness index explained more of the total variation in LAI than both relative elevation and upslope length. This reflects the fact that the wetness index is equal to the ratio of the upslope length to the local slope at a given point in the landscape (1)) and, as such, reflects the steepness of the slope at that point. The longer the upslope length is above a point on a hill slope, the more the area contributes snow and snowmelt water to the point. Water is less likely to accumulate at these steeper slopes. Therefore, the wetness index reflects the water storage in a location more strongly than other indicators, thus resulting in higher correlation to the LAI. This result differs from that of Si and Farrell (2004) , which showed a stronger correlation between grain yield and upslope length than that between grain yield and wetness index. The different results might result from the difference between natural and cultivated landscapes.
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In natural grassland landscape, water and organic community accumulation is affected only by topography, whereas in cultivated land, this accumulation is affected by cultivation as well as topography. Cultivation changes water flow pathway and also results in tillage translocation of soil. Permanent vegetation cover traps more snow and reduces snowmelt water runoff; therefore, water accumulation is lower in cultivated areas. In addition, grasslands have more well-developed macropore networks than cultivated lands (Bodhinayake and Si 2004) . As a result, grasslands have enhanced water infiltration and reduced runoff. Therefore, water storage in natural grassland is not only dependent upon slope length, but also slope steepness. Consequently, in semi-arid regions, natural vegetation production at a point is sensitive to both the steepness of the slope and the upslope length. It indicates the importance of applying the appropriate topographical parameter to investigate grassland productivity.
NDVI is significantly correlated with LAI and topography parameters, demonstrating that the variation of LAI can be detected by remote sensing data and that the 20-m resolution imagery can reveal, to some extent, the effect of topography on grassland vegetation. The wetness index explains more of the total variation in the NDVI than relative elevation and upslope length along the three transects. This result matches well with the conclusion from ground biophysical data analysis.
Wavelet analysis shows the spatial variation of soil moisture at scales of 20 m and 40 m, closely associated with the spatial scales of LAI (20 m and 40 m). The effect of soil moisture on the spatial scales of vegetation also has been demonstrated by many other studies (Lange et al. 1982 , Vinnikov et al. 1996 , Hu and Islam 1997 , Reynolds et al. 1997 , Seghieri et al. 1997 . Since there is a wide variety of soil types in GNP , the two small scales of LAI may result from an integrated effect of other environment factors (soil texture, depth, and chemical and physical properties) on soil moisture. However, soil moisture may vary with time (Green and Erskine 2004) , and the effect of the dynamic nature of soil moisture on LAI is unknown, which is beyond the scope of this study. The small scales also suggest that imagery resolutions larger than 20 m might not be able to identify all spatial variability resulting from soil moisture in our study area.
Wavelet analysis also shows that topographic factors are responsible for the majority of the spatial variation of LAI at a large scale of about 120 m. These results clearly indicate the effect of topography on vegetation variation in the mixed grassland ecosystem, and provide a guideline for future researchers to select optimum remote sensing imagery for this region. The advantage of topographical data is that they are easy to obtain and relatively time invariant compared to the measurements of more dynamic soil properties. Therefore, following the sampling theorem (McGrew and Monroe would be an optimum pixel size to detect potentially important patterns associated with topography in our study area. For example, landscape patterns of LAI, biomass, photosynthetic flux, and evapotranspiration of vegetation in the study region probably can be well described using this fundamental pixel size.
Heterogeneity of the broadband NDVI along two 2560-m transects demonstrates that vegetation variation at the large-scale 120 m can be detected by satellite imagery with a 20-m resolution. This result largely confirms the conclusion that the NDVI variation is also related to topography at landscape scale (Brosofske et al. 1999) and that the appropriate resolution imagery can examine the spatial characteristics associated with topography for landscape level ecosystem studies (Gamon et al. 1993) . In addition, the NDVI in transect 1 has a significant spatial scale of 50 m and in transect 2 has a significant spatial scale of 40 m, which must be a result of spatial variation from soil moisture, because ground measurement analysis showed that soil moisture affects grassland variation at relatively small scales (20 m and 40 m). The difference between the 50-m scale and the 20-or 40-m scale may be caused by the change in soil moisture over the years.
Both 'global' features of the NDVI along the two extensive transects do not show spatial variation at the 20-m scale (associated with soil moisture), which is identified by the ground biophysical data. The result is predictable. According to sampling theorems (McGrew and Monroe 2000) , imagery with a 4-m resolution (one fourth of 20 m) would retain most distinct functional properties for grassland variation at the 20-m scale. The resolution of the SPOT image (20 m) used in this study is much coarser than the optimum. This result also indicates that some small features that create heterogeneity (such as soil moisture) might not be identified at broader scales. In addition, considering soil moisture varies by year, and NDVI may not identify minor spatial variation, a 4-m pixel size may still miss some finer spatial variability at the scale ,20 m.
The 20-to 30-m resolution determined from both ground measurement and satellite data is similar to an 18-to 20-m pixel size for Northern California grassland (Gamon et al. 1993) . In Gamon and colleagues' study, the 18-to 20-m scale is supposed to capture grassland variation associated with larger patterns of slope, aspect, and soil type. The 4-m resolution from this study is comparable to a 6-m pixel size for Southern California grassland (Rahman et al. 2003) , which can retain most of the characteristic spatial variation of grassland ecosystem functions. In addition, in the same study area, Davidson et al. (2001) A also determined that commercially available satellite data at resolutions of 10 to 50 m may offer the potential for estimating coverage of C4 species. Although the first two studies were conducted in different grassland ecosystems and the last study only determined the optimum scale for C4 species coverage, those matches provide confidence in our study's results. Therefore, we can conclude that, in our study area, a 20-30 m coarse resolution can be used to analyse grassland biophysical spatial variation associated with topography, and a fine resolution (4 m) may capture spatial variation resulting from soil moisture.
In conclusion, the implications of this study are that: (1) in investigating grassland variation, one should consider the effect of both soil moisture and topography, not only at the fine scale but also at the coarse scale; (2) to estimate grassland productivity, applying the appropriate topographical parameter is important; (3) the wavelet approach is useful for revealing both localized and global features of soil moisture and topography that exert significant effects on grassland vegetation; (4) 
